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The water solubility in Al-Fe-Mg orthopyroxene [(Mg,Fe,Al)(Si,Al)O3: XFe = 0.1] was investigated as a function of temperature 
and Al contents. Experiments were performed at 10 kbar with temperatures ranging from 800 to 1200°C under water-saturated 
conditions. Water contents in the (Mg,Fe)SiO3–H2O–Al2O3 system were determined using unpolarized Fourier transform infrared 
spectroscopy. The present results show that water solubility in Al-bearing orthopyroxene decreases systematically with tempera-
ture from approximately 1 weight % at 800°C to 568 ± 58 ppm at 1200°C and increase significantly with increasing Al2O3 con-
tents under the same annealing temperature and pressure. Combined with published results on the dependence of hydroxyl solu-
bility on water fugacity and pressure, the present results can be described by the relation 
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 where A = 0.0024 ± 0.0015 ppm/bar0.5, 1barH  = −103.348 ± 9.768 kJ/mol, and solidV  = 9.2 ± 1.1 
cm3/mol. This equation implies that the incorporation mechanism of water in aluminous orthopyroxene involves the isolated OH 
groups. Based on the experimentally established solubility model used in this study, it is suggested that water solubility decreases 
with increasing temperature under typical upper mantle pressure. The predicted temperature dependence of water solubility is in 
good agreement with the previous experimental observations in Al-bearing orthopyroxene, but the opposite dependence is ob-
served in Al-free systems. Moreover, our estimation of the water solubility in upper-mantle minerals as a function of depth for a 
typical oceanic geotherm might be of potential importance in interpreting the geophysical observations. 
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The presence of water or hydroxyl defects in nominally 
anhydrous minerals (NAMs) has a dramatical influence on 
their geophysical properties such as solidus temperature [1], 
electrical conductivity [2–6] and viscosity [7–9], as well as 
on mantle dynamics such as melt generation [10] and man-
tle convection [7]. Critical to understanding the role of wa-
ter in the Earth’s mantle, a key step is to estimate the distri-
bution of water inside the mantle and the incorporation 
mechanism of hydrogen in mantle minerals by combining 
experimentally determined mineral properties with geo-
physical observations. Two principal approaches can pro-
vide significant constraints on the water content in the 
Earth’s interior. One approach is water solubility experi-
ments in mantle minerals [11–13], and the other infers the 
water content based on the electrical conductivity of the 
NAMs [2–6,14–19]. 
Orthopyroxene is considered to be one of the main con-
stituent minerals in the Earth’s upper mantle and is believed 
to constitute approximately 20–40 vol% [20]. Previous 
studies indicate that the water solubility in pure MgSiO3 
enstatite increases with increasing pressure and temperature 
[21,22], while behavior of water solubility in Al-free ensta-
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tite is comparable to that in olivine [11,23]. In contrast, the 
incorporation of aluminum in orthopyroxene greatly in-
creases the water solubility relative to that in the pure 
Al-free system [13,21,24–26]. As a result, the partition co-




H OD = 11.7−25 [13,27–30]. Thus, the water 
content in the aluminous enstatite reaches values close to 1 
wt.% at low pressures and temperatures. Therefore, alumi-
nous enstatite could be a more important host than olivine 
for water in the Earth’s upper mantle, and it may be related 
to abnormal geophysical observations at the top of the as-
thenosphere [1,3,7,13,16].   
The solubility of water as a function of temperature and 
pressure has been investigated to determine the mechanism 
and thermodynamics of the incorporation of water in or-
thopyroxene [13,21,24,25,27–29]. However, it is worth 
noting that most studies were conducted using a pure 
MgSiO3 system [21,24,27–29] and single crystals of ortho-
pyroxene. Except for two studies [13,25], few data on water 
solubility have been systematically reported for the (Mg, 
Fe)SiO3–H2O–Al2O3 system (Al-Fe-Mg orthopyroxene) that 
simultaneously consider the influences of temperature and 
Al content. Additionally, the influence of Al content on 
water solubility and the substitution mechanism of hydro-
gen in orthopyroxene are not well understood. In this study, 
we report experimental results on the solubility of water 
(hydrogen) in Fe-bearing aluminous orthopyroxene aggre-
gates as a function of temperature and Al content for poly-
crystal samples that were hydrothermally annealed under 
water-saturated conditions. Such information is critical in 
evaluating the role of water in orthopyroxene and for con-
structing the water storage capacity profile of the upper 
mantle. 
1  Experimental procedures 
Three different types of starting materials were used to syn-
thesize the hydrogen-doped orthopyroxene; these starting 
materials had essentially the same Mg numbers [100*Mg/ 
(Mg+Fe) = 90] and Al2O3 contents (3, 6 and 10 wt.%). 
Aluminous enstatite starting materials with three differ-
ent Al contents were prepared from a mixture of MgO, 
Fe2O3, SiO2 and Al2O3 oxides using the following procedure. 
The oxide powders were dried at 1000°C for 4 h prior to 
weighing, and then, they were mixed and ground in an agate 
mortar for 2 h. The glasses were synthesized from these 
mixtures by melting the mixtures under ambient pressure at 
1600°C in air and quenching them in water. The resulting 
glasses were finely ground and pressed into pellets. The 
pellets were heated in an atmospheric-pressure furnace at 
1200°C for one hour with a controlled oxygen partial pres-
sure of log fO2 = −8.47 [log atm], which is close to the 
QFM buffer using a CO2:H2 gas mixture at a ratio of 19:1; 
the pellets were then quenched in water. 
Sintered aluminous enstatite samples were synthesized in 
an end-loaded piston-cylinder apparatus at 1 GPa and 
800–1200°C using 3/4″ pressure assemblies made of talc, 
Pyrex glass, graphite and crushable alumina for durations of 
up to 184 h. A tapered graphite heater was used to reduce 
thermal gradients in the sample. Temperatures were meas-
ured using an S-type (Pt-PtRh10) thermocouple. For the hy-
drogen-doped (wet) aluminous enstatite sample, a mixture 
of starting materials and brucite powder as a water source 
(approximately 1 wt% H2O) was loaded into a Mo capsule. 
Then, the Mo capsule was inserted into a slightly larger Pt 
tube with an outer diameter of 3.0 mm and a wall thickness 
of 0.1 mm; the tube was then sealed by welding. The plati-
num capsule was surrounded by sintered MgO, which acted 
as an insulator from the graphite furnace. In several experi-
ments, the enstatite powder was directly loaded into a Mo 
capsule without mixing it with Mg(OH)2 powder. The water 
content in the enstatite was controlled by changing the an-
nealing conditions [13,22] (Table 1). Finally, the samples 
were cooled to room temperature at a cooling rate of ap-
proximately 100°C/min, which allowed us to obtain sintered 
enstatite without cracking due to thermal shock. 
After the annealing experiments, the sintered enstatite 
aggregate was cut into halves using a diamond saw; one of 
the halves was doubly polished to a thin section of less than 
0.1 mm thickness. The thin section was used for phase iden-
tification by micro-focused X-ray diffraction. The major 
elemental compositions were determined using an electron 
probe microanalyzer (JEOL JXA-8800) operated at an ac-
celerating voltage of 15 kV and a beam current of 12 nA. 
Three representative chemical compositions of the synthetic 
orthopyroxene are given in Table 2. The Mg numbers [Mg# 
= 100*Mg/(Mg+Fe)] in the hydrogen-doped aluminous en-
statite samples with brucite are slightly higher than those in 
the samples without brucite (Table 2). The Al concentra-
tions and Mg# in the aluminous enstatite are very close to 
those in the initial glass starting materials (Table 1). The 
sample textures were examined by scanning electron mi-
croscopy, and the grain sizes were less than 20 μm. 
After polishing and prior to Fourier Transform Infrared 
Spectroscopy (FT-IR) analysis, the samples were dried 
overnight at 200°C in a vacuum furnace to remove both 
grain boundary water and adsorbed water from the surface 
of the sample without releasing structurally bound H. The 
water content of the Al-bearing enstatite was determined by 
FT-IR spectroscopy (Jasco Janssen MFT-2000) with unpo-
larized light. Measurements were performed using a ni-
chrome light source, a Ge-coated KBr beam splitter, and a 
mercury-cadmium-telluride (MCT) detector. During the 
measurements, the beam path was continuously purged with 
dry N2. The IR beam was passed through a crack-free re-
gion of a ~100×100 μm doubly polished sample spot, and 
several hundred to several thousand scans were accumulated 
for each analysis with 4 cm−1 resolution. For each sample,  
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Table 1  Experimental results of water solubility in aluminous [(Mg, Fe, Al)(Si,Al)O3: XFe = 0.1] orthopyroxene 
Sample P (kbar) T (°C) Duration (h) 
Water content (ppm wt H2O) 
Al2O3 content (wt%) 
Patersona) Bell et al.b) 
En309 10 800 12 7480 ± 268 9285 ± 930 5.96 ± 0.61 
En310 10 800 12 7060 ± 512 8862 ± 1230 3.12 ± 0.96 
En307 10 850 18 8707 ± 713 10230 ± 1027 6.08 ± 0.44 
En308 10 850 18 6406 ± 168 9343 ± 3471 3.14 ± 0.16 
En306 10 900 10 7039 ± 142 9566 ± 175 3.56 ± 1.24 
En131 10 900 184 7233 ± 537 9324 ± 687 6.40 ± 0.38 
En127 10 900 20 2411 ± 186 4016 ± 255 9.42 ± 0.19 
En126c) 10 900 20 1156 ± 144 1687 ± 124 9.88 ± 0.15 
En120c) 10 1000 2 791 ± 152 1114 ± 129 3.47 ± 0.24 
En208 10 1000 8 4441 ± 185 4667 ± 178 10.20 ± 0.33 
En129c) 10 1100 24 562 ± 65 596 ± 55 3.27 ± 0.29 
En130c) 10 1100 24 570 ± 171 678 ± 45 6.56 ± 0.38 
En121c) 10 1200 3 517 ± 60 568 ± 58 3.04 ± 0.77 
En122c) 10 1200 3 526 ± 54 583 ± 39 6.11 ± 0.38 
a) Calibration of Paterson [31]; b) calibration of Bell et al. [32]; c) synthesized without brucite powder. 
Table 2  Representative chemical composition of the synthetic orthopyroxene determined using an electron microprobe 
Sample SiO2 (wt%) MgO (wt%) FeO*
a) (wt%) Al2O3 (wt%) CaO (wt%) Total (wt%) Mg#
b) 
Opx A 56.20 34.33 6.35 3.04 0.23 100.15 90.3 
Opx B 52.91 33.68 6.26 6.11 0.21 99.17 90.7 
Opx C 51.47 31.38 6.10 9.88 0.27 99.10 90.2 
a) FeO*: total Fe as FeO; b) Mg# = 100*Mg/(Mg+Fe). 
 
 
at least 5 measurements were taken in different areas. 
The water content of the aluminous orthopyroxene sam-
ples was determined by FT-IR spectra using both the fre-
quency-dependent calibration of extinction coefficients re-
ported by Paterson [31] and the independently calibrated 
extinction coefficients of orthopyroxene reported by Bell et 
al. [32]. It is well known that Paterson’s [31] calibration 
was based on an empirical correlation between the OH- 
stretching frequency and the extinction coefficient in dif-
ferent glasses and quartz; this correlation is likely ma-
trix-dependent. However, Bell et al. [32] found that the 
concentration of H2O for most NAMs may be underesti-
mated by the method proposed by Paterson [31]. In our ex-
periment, the integral molar absorption coefficient of I = 
80600 ± 3200 [L/(mol·cm2)] [32] was used to calculate the 
water content in orthopyroxene directly. In previous studies, 
few researchers considered the Al2O3 content dependence of 
density in orthopyroxene during the calculation of water 
content. Clearly, arbitrarily assuming a constant density will 
result in large uncertainties in determining the water content. 
Based on the solubility of Al2O3 in (Fe,Mg)SiO3 orthopy-
roxene [33,34], an approximate relation was proposed to 
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where d is density in g/cm3, 
2 3Al O
C  is the concentration of 
Al2O3 in wt%. In this calculation, an orientation factor of 
1/3 [31] was used, and the OH concentrations were deter-
mined from averages of several unpolarized measurements 
on randomly oriented grains of orthopyroxene samples us-
ing both the calibration of Paterson [31] and the weighted 
correction method of Bell et al. [32] with integration limits 
of 2950 to 3780 cm−1. Additionally, it has been claimed that 
the Paterson calibration for unpolarized FT-IR spectra may 
underestimate the water content in nominally anhydrous 
minerals (especially olivine) by a factor of 3 [35] compared 
to the calibration of Bell et al. [36]. Because the FT-IR 
measurements were performed using a polycrystalline sam-
ple, the single crystal calibration method [36] is not appli-
cable to our samples, and the error of the water content cal-
culated from the spectra obtained from randomly oriented 
crystals would be smaller. 
2  Results 
Representative FT-IR spectra of hydrogen-doped aluminous 
orthopyroxene are shown in Figure 1. The infrared spectra 
of aluminous enstatite aggregates display a strong absorp-
tion band at approximately 3580–3590 cm−1 and weak ab-
sorption at approximately 3500–3520 cm−1, irrespective of 
the water content. These features and peak positions are 
similar to those reported by Mierdel et al. [13] and are con-
firmed by the new in-situ observations of the natural ortho-
pyroxene sample [37]. Interestingly, a notable absorption  
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Figure 1 Unpolarized FT-IR spectra of synthetic (Mg,Fe,Al) (Si,Al)O3 
orthopyroxene at a pressure of 10 kbar and a temperature of 800–1200°C. 
band occurs at 3708 cm−1 at low temperature; as the tem-
perature increases, the intensity of the peak at 3708 cm−1 
gradually decreases and disappears at temperatures greater 
than 1000°C. A possible explanation for this band might be 
a slight modification in the orthopyroxene structure or al-
tered aluminum content [22]. 
Experimental data on water solubility in aluminous 
Fe-bearing orthopyroxene (Al-Fe-Mg orthopyroxene) at 10 
kbar are summarized in Table 1. Obviously, water solubility 
decreases significantly as the temperature increases and 
ranges from approximately 1 wt% at 800°C to 568 ± 58 
ppm at 1200°C. This behavior is opposite to that observed 
in Al-free enstatite [22] and olivine [11,23]. However, we 
noted that the Paterson [31] calibration yields lower abso-
lute values than those derived from the extinction coeffi-
cients of Bell et al. [32]. 
3  Discussion 
3.1  Effects of temperature and Al content 
A series of experiments were conducted to investigate the 
effect of temperature on the water solubility in Al-bearing 
orthopyroxene. As illustrated in Figure 2, the water solubility  
 
Figure 2  Water solubility (in ppm weight H2O) in aluminous orthopy-
roxene as a function of temperature. The inset graph is the solubility of 
water in pure enstatite under water-saturated conditions at 15 kbar and 
700–1100°C [22]. 
of aluminous orthopyroxene shows a strongly negative 
temperature dependence. The systematic variations in water 
solubility with temperature observed in this study are com-
parable to the experimental results of Mierdel et al. [13], 
which show that water solubility decreases as temperature 
increases in synthetic orthopyroxene. In contrast, the water 
solubility in Al-free orthopyroxene increases with increas-
ing temperature, as shown by Mierdel and Keppler [22] (see 
the inset graph in Figure 2). This trend is similar to that ob-
served in olivine. Thus, the temperature dependence of wa-
ter solubility is completely opposite for Al-bearing and 
Al-free orthopyroxene. The main reason for this trend is that 
the thermodynamics of water solubility are primarily con-
trolled by the type of OH defect that forms. 
It is known that aluminum can greatly enhance water 
solubility in orthopyroxene [12,13,21,26–30,38]; thus, one 
crucial factor in determining the solubility of water in or-
thopyroxene is likely to be the concentration of aluminum. 
According to previous studies [24,38,39], the most likely 
substitution mechanism for Al incorporation in aluminous 
orthopyroxene is through the Tschermaks-substitution reac-
tion: Mg2+ + Si4+ = 2Al3+. Nevertheless, hydrothermal an-
nealing experiments have shown that most water is dis-
solved by the coupled substitution of Al3++H+ for Si4+ and 
by the substitution of Al3++H+ for 2Mg2+ [13,24,38,39]. 
Both substitutions appear to occur with roughly equal 
abundance; consequently, Al is distributed approximately 
equally among tetrahedral and octahedral sites, irrespective 
of water content. In addition, Zhang et al. [19] recently 
measured the electrical conductivity of hydrous aluminous 
orthopyroxene; their data showed that the proton conduction 
of orthopyroxene strongly depended on the hydrogen con-
centration alone and is likely to be independent of Al con-
tent. These results indicate that the migration of interstitial  
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protons is not accompanied by Al3+ migration and is much 
faster than that of Al3+ ions because of the extremely small 
ionic radius of protons. Additionally, our synthesized or-
thopyroxene aggregates may have initially had a small 
amount of defects (such as interstitial and vacancy sites), 
which could be occupied by hydrogen. If interstitial protons 
with fast diffusivity are a main charge carrier in orthopy-
roxene, such interstitial protons seem to be difficult to iden-
tify as a specific peak in the FT-IR spectra [19]. 
To further explore the possible relationship between wa-
ter solubility and Al2O3 contents, Figure 3 displays the wa-
ter solubility in orthopyroxene as a function of Al2O3 con-
tents. As summarized in Table 1 and Figure 3 for the or-
thopyroxene samples with relatively low water contents, the 
water solubility of (Mg,Fe,Al) (Si,Al)O3 orthopyroxene 
increases with increasing Al2O3 contents under the same 
annealing temperature and pressure. This positive correla-
tion between the H2O and Al2O3 contents is consistent with 
the previous experimental results of Rauch and Keppler [21] 
and Stalder [38] in synthetic enstatite but is contrary to the 
observations of Mierdel et al. [13]. However, in the case of 
orthopyroxene samples with higher water contents, the wa-
ter solubility displays unexpected variation among (Mg, Fe, 
Al)(Si, Al)O3 orthopyroxenes synthesized at the same con-
ditions. For example, even at the same pressure and temper-
ature (10 kbar and 900°C), the water content in one ortho-
pyroxene sample (En126; its Al2O3 content is 3.56 wt%) 
was six times higher than that of another sample (En306; its 
Al2O3 content is 9.88 wt%). The cause of the variation in 
the water content might be the difference in the chemical 
environment. Although no obvious correlation between water 
and Al2O3 contents was found for the case of enstatite aggre-
gates with higher water contents, the incorporation of Al can 
undoubtedly enhance the water solubility in orthopyroxene to 
a great extent. Nevertheless, it was not easy to precisely 




Figure 3  Al2O3 contents (wt%) versus water solubility (in ppm weight 
H2O) in aluminous orthopyroxene. 
brucite or Al. Based on our hydration experiments, if no 
brucite was added, the maximum water content was limited 
(for example, 0.168 wt% for En126). If brucite was added, 
the water content could reach 0.956 wt% under similar con-
ditions. However, we could not obtain a clear systematic 
relationship between H2O and Al2O3 contents. Therefore, 
further studies are required to clarify the magnitude of the 
effect of Al on the water solubility in orthopyroxene. 
3.2  Thermodynamics of water solubility in orthopy-
roxene 
Water solubility experiments as a function of temperature, 
pressure and composition provide a means of understanding 
the incorporation of OH in terms of point defects. It has 
been suggested that there are three different mechanisms of 
water solubility in NAMs [12,13,21,22,40]: (1) formation of 
isolated OH groups (water solubility should be proportional 
to the square root of water fugacity, n = 0.5); (2) formation 
of OH pairs (water solubility should be proportional to wa-
ter fugacity, n = 1); and (3) formation of (OH)4 clusters 
(water solubility should be proportional to the square of 
water fugacity, n = 2). In this study, we focus on the incor-
poration of OH in aluminous orthopyroxene. Based on the 
aforementioned discussion and previous studies [12,13,21, 
26,38,39], two substitution mechanisms (i.e. Al3++H+ for 
Si4+ and Al3++H+ for 2Mg2+) are the most likely to form the 
isolated OH groups in aluminous orthopyroxene. Therefore, 
the corresponding equilibrium can be described by the 
equation: 
 2 fluid mineral mineralH O O 2OH    (2) 









 , (3) 
where OHa  is the activity of OH in orthopyroxene, 2H Of  
is the water fugacity and Oa  is the activity of unprotonated 
oxygens in orthopyroxene. As only a minute fraction of all 
oxygen atoms will be protonated, Oa  can be assumed to be 
constant, and the activity of OH will be directly proportion-
al to its concentration ( OHC ). This implies that the concen-
tration of OH should be proportional to the square root of 





 nC f . (4) 
The equilibrium constant K is related to the Gibbs free 
energy ∆G according to  
1bar 1bar solidln ( 1 bar)         RT K G H T S V P , (5) 
where 1barH  and 1barS  are the reaction enthalpy and 
entropy at 1 bar, respectively; solidV  is the volume 
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change of the solids during hydroxylation; R is the gas con-
stant; T is temperature and P is pressure. Additionally, in 
the term ( 1 bar),P  1 bar can be neglected compared to 
the pressure considered. Because H or OH is a dilute spe-
cies, it is generally assumed that the activity of the dis-
solved OH species is proportional to the concentration of 
dissolved water and that the activity of the unprotonated 
oxygen atoms remains essentially constant. By inserting eq. 




OH H O H O( , , ) ( ) exp R
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,  (6) 
where OHC  is water solubility in ppm by weight, and A is a 
constant that is essentially related to the entropy of reaction. 
Using water contents derived from the extinction coeffi-
cients by Bell et al. [32], a multiple regression fit of all the 
experimental data from this study together with all the data 
from Mierdel et al. [13] to eq. (6) yielded A = 0.0024 ± 
0.0015 ppm/bar0.5, 1barH  = −103.348 ± 9.768 kJ/mol, and 
solidV  = 9.2 ± 1.1 cm3/mol. In this regression fit, water 
fugacities were calculated using the equation of state from 
Pitzer and Sterner [41]. A summary of the thermodynamic 
models for water solubility in orthopyroxene derived from 
the water solubility experiments is compiled in Table 3. 
Additionally, Figure 4 compares the predicted water con-
tents in Al-bearing orthopyroxene as a function of tempera-
ture and pressure from the thermodynamic model of eq. (6) 
with the experimentally measured water contents from this 
study and previous work [13]. At typical upper mantle 
pressure, our thermodynamic model predicts decreasing 
water solubility with increasing temperature (Figure 4). This 
trend agrees with that predicted by Mierdel et al. [13] in 
Al-bearing orthopyroxene; however, the trend is contrary to 
that in Al-free enstatite predicted by Mierdel and Keppler 
[22]. 
3.3  Geophysical implications 
To assess the presence and distribution of water in the upper 
mantle, we estimated the storage capacity of water as a 
function of depth by extrapolating the present experimental 
data to the upper mantle in terms of eq. (6) and the fitting 
parameters for aluminous enstatite aggregate (Table 3). The 
temperature distributions are largely controlled by the con-
ductive heat transfer in the lithosphere. The geotherm was 
determined from thermobarometry of mantle xenoliths for 
the continental mantle [42] and was derived from surface 
heat flow for the oceanic mantle [43]. The geotherm in the 
deep regions of a typical oceanic upper mantle was consid-
ered to be adiabatic, which was taken from Katsura et al. 
[44]. In the shallow part of the upper mantle, the geotherms 
change from conductive to adiabatic at depths approxi-
mately 60 km for oceanic mantle [9,15]. Consequently, in 
this work, the temperature-depth profile for a typical ocean-
ic upper mantle (assuming an age of 80 Ma) was obtained 
from Karato [9], whereas Mierdel et al. [13] considered a 
constant temperature gradient (0.3 K/km [43]). To evaluate 
the contribution of aluminous enstatite to the water storage 
capacity of the asthenosphere, the upper mantle was simpli-
fied to comprise 40 vol% of aluminous enstatite and 60 
vol% of olivine. The water solubility of olivine was taken 
from Hirschmann et al. [45]. 
Figure 5 shows how the predicted water solubility in the 
oceanic upper mantle varies with the depth in the upper 
mantle. For Al-free orthopyroxene, the water solubility con-
tinuously increases with depth (also pressure and tempera-
ture), which is roughly comparable to the trend in olivine 
[11,23]. However, for Al-bearing orthopyroxene and the 
mixture model (40 vol% opx + 60 vol% olivine), our pre-
dictions show that the water solubility in upper mantle min-
erals has a pronounced minimum corresponding to the depth 
of the low velocity zone. Comparing our model calculations 
to previously published results [13], we found that the vari-
ation was similar, but the minimum values of water solubil-
ity yielded in our calculations were 150 ppm lower than 
those of Mierdel et al. [13]. This observation supports the 
idea that the origin of Earth’s asthenosphere may be related  
to partial melting [13] because the sharp decrease in water 
solubility with depth and a lower minimum must release 
large amounts of water, and it is easier to form a hydrous 
melt in the asthenosphere.  
Although our results show that Al-bearing orthopyroxene 
might contain enormous amounts of water compared to the 
olivine at the top of asthenosphere, the water content of 
Al-bearing orthopyroxene rapidly decreases due to the sig-
nificant drop in the solubility. This decrease occurs because 
the maximum solubility of water is dependent on the pres-
sure and Al content, and the Al content of enstatite rapidly 
decreases in this pressure range due to the stabilization of 
garnet. In addition, our recent experimental studies [3,15,19] 
have verified that neither hydrous aluminous enstatite nor  
Table 3  Summary of the thermodynamic models for water solubility in orthopyroxene derived from water solubility experiments 
Mineral P-T conditions A(T) (ppm//barn) n ∆Vsolid (cm3/mol) ∆H1bar (kJ/mol) Reference 
MgSiO3 enstatite 2–100 kbar, 1100°C 0.0204 1 12.3 – [21] 
MgSiO3 enstatite 15 kbar, 700–1100°C 0.01354 1 12.1 −4.563 [22] 
Al-Mg orthopyroxene 15–35 kbar, 800–1100°C 0.042 0.5 11.3 −79.685 [13] 
Al-Fe-Mg orthopyroxene 10 kbar, 800–1200°C 0.0024 ± 0.0015 0.5 9.2 ± 1.1 −103.348 ± 9.768 This study 
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Figure 4  Predicted water solubility (in ppm weight H2O) in Al-bearing 
orthopyroxene as a function of temperature and pressure according to the 
thermodynamic models of eq. (6) and MKSL07 [13]. 
 
Figure 5  Water solubility (in ppm weight H2O) in upper-mantle minerals 
as a function of depth for a typical oceanic geotherm [44]. Water solubility 
in Al-bearing and Al-free orthopyroxene according to MKSL07 [13] and 
MK04 [22], respectively. Water solubility in olivine from HAW05 [45]. 
The shaded area represents the typical position of the asthenosphere below 
oceans.  
hydrous olivine can be used to explain the high anisotropy 
of conductivity observed at the top of the asthenosphere. 
Consequently, the most probable explanation for such geo-
physical observations could be the presence of a partial melt 
at the depth corresponding to the low velocity zone in the 
upper mantle [3,13]. However, few direct experimental 
studies have been published on this topic so far. Thus, addi-
tional studies are needed to verify the hypothesis of partial 
melting and to clarify the origin of Earth’s asthenosphere. 
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